Studies using molecular techniques have demonstrated that a culture-based approach can severely underestimate the bacterial diversity in most environments. One of the molecular techniques that has been applied in microbial ecology is denaturing gradient gel electrophoresis (DGGE). The purpose of this study was to investigate differences in the microbiota of plaque, using a number of analysis techniques, from children without gingivitis (n ‫؍‬ 30) and from those with gingivitis (n ‫؍‬ 30). Extracted DNA from gingival margin plaque was subjected to PCR targeting the 16S rRNA gene using universal primers. DGGE profiles were analyzed in three ways. (i) Bacterial diversity was compared between cohorts by using the Shannon-Wiener index (also known as the Shannon-Weaver index). (ii) A hierarchical cluster analysis of the banding patterns was calculated and expressed as a dendrogram. (iii) Individual DGGE bands and their intensities for both cohorts were compared using a logistic regression analysis. The Shannon-Wiener indices demonstrated a greater bacterial diversity associated with no-gingivitis plaque (P ‫؍‬ 0.009). Dendrograms demonstrated that seven clades associated with gingivitis and five clades associated with no gingivitis. The logistic regression demonstrated that one band was significantly associated with no gingivitis (P ‫؍‬ 0.001), while two bands were significantly associated with gingivitis (P ‫؍‬ 0.005 and P ‫؍‬ 0.042). In conclusion, this study demonstrates that the development of gingivitis might be accompanied by a decrease in bacterial diversity. Furthermore, we have demonstrated that logistic regression is a good statistical method for analyzing and characterizing DGGE profiles.
The accumulation of dental plaque as a result of poor or impaired oral hygiene may result in gingivitis. This inflammation occurs primarily in response to bacteria present in dental plaque (8, 35, 42) . Gingivitis is a reversible condition that can precede periodontitis, although not all cases of gingivitis will progress to periodontitis (9) . A number of studies of the microbiota associated with gingivitis have been carried out using culture-based techniques (28, 40) . Studies employing molecular techniques have elucidated that culture-based approaches may severely underestimate the bacterial diversity in most environments (1) . The use of rRNA gene sequences for the analysis of microbial communities has been widely used in microbial ecology and is replacing the more-conventional cultural methods (36) . Various molecular approaches for the analysis and comparison of the microbiota of dental plaque in healthy and diseased individuals have been used. One such approach involves the use of DNA probes and checkerboard DNA-DNA hybridization assays (43) that have been previously used to compare the microbiota of supra-and subgingival plaque in healthy individuals and in individuals with periodontitis (57) . This approach is hampered by the use of 40 speciesspecific DNA-DNA hybridization probes, as it only partially considers the microbial diversity in dental plaque, given that approximately 500 species live in the oral cavity (36) . Furthermore, most conventional methods used for analyzing bacterial communities do not take the unculturable proportion into consideration (1) . This may be a large oversight, as unculturable bacteria are believed to constitute up to 50% of dental plaque communities (46) . Earlier workers (23) have demonstrated that a greater microbial diversity could be ascertained by amplifying rRNA genes directly from subgingival plaque than by cultivating bacteria from the same specimen. Currently the best model for exploring microbial diversity involves PCR cloning of the 16S rRNA gene (4, 44) . Cloning and sequencing of multiple plaque samples are extremely laborious and expensive tasks to perform thoroughly due to the huge diversity involved (36) . For this purpose, genetic fingerprinting techniques may be better suited.
Genetic fingerprinting techniques provide a rapid and relatively easy alternative to the analysis of microbial communities. The different types of genetic fingerprinting techniques that can be used for this purpose, together with their advantages and disadvantages, have already been described (31) . One such fingerprinting technique is the electrophoretic separation of low-molecular-weight rRNA molecules (5S rRNA and tRNA) extracted from natural samples (19) . Denaturing gradient gel electrophoresis (DGGE) is a more recent fingerprinting technique by which PCR-amplified DNA fragments are separated according to their sequence information (33) . The basis of this technique is that DNA fragments of the same size but with differing base pair sequences can be separated (32) . This separation by DGGE relies on the electrophoretic mobility of partially denatured DNA molecules in a polyacrylamide gel, which is encumbered in comparison to the completely helical form of the molecule (32) . DGGE has been applied in environmental microbiology (6, 11, 49) and food microbiology (2, 5) and in the analysis of microbial communities in the human body (10, 14, 53, 54) . Recently DGGE has also been applied to analyze the bacterial diversity of human subgingival plaque (17, 58) as well as laboratory-grown dental plaque microcosms (27) . This paper presents a fingerprint analysis of dental plaque sampled from the gingival crevice of prepubertal children with and without gingivitis. Any marked differences observed in the microbial composition of plaque associated with healthy dental sites and gingivitis would further advance our understanding of how specific bacteria are associated with, and respond to, inflammation and indeed the progression to periodontal disease.
Analysis of DGGE profiles often involves the use of principal component analysis (34, 56) and multidimensional scaling (7, 21) but generally utilizes hierarchical cluster analysis to demonstrate similarities in the data, and the results are invariably presented in the form of dendrograms (6, 7, 13, 51) . This study analyzes the DGGE profiles of the dental plaque sampled from both cohorts by using hierarchical cluster analyses as well as measuring community diversity by means of the Shannon-Wiener index (also known as the Shannon-Weaver index). Furthermore, we have applied a statistical test for the analysis of the electrophoretic fingerprints that appears to be used infrequently. This involves a logistic regression analysis that looks at single bands and computes a regression relationship between the presence and absence of gingivitis and band presence and intensity (independent or explanatory variable). This type of analysis can pinpoint individual bands that when present/absent will affect the outcome of interest, in this case the outcome being whether the subject had gingivitis or not.
MATERIALS AND METHODS
Patients. Ethical approval was obtained from the Eastman Dental Hospital NHS Trust, London, United Kingdom. Each parent was given an information sheet to read and asked for written consent. Each child was asked for verbal consent.
Subjects. Healthy children aged between 5 and 9 years attending the Department of Pediatric Dentistry and the School of Dental Therapy at the Eastman Dental Hospital were recruited. Children with chronic medical disorders or who had been treated with antibiotics within the preceding 3 months were excluded. Two groups of children (a total of 60) were selected: group 1, 30 children with discernible plaque but no gingivitis associated with either the lower left or lower right first permanent molar tooth; group 2, 30 children with discernible plaque and gingivitis associated with either the lower left or lower right first permanent molar tooth. Plaque and gingivitis scores were recorded for each child using a modified version of the method of O'Leary (15) . Four gingivally related quadrisections of each tooth (mesiobuccal, distobuccal, mesiolingual, and distolingual) were visually examined, and each was given a score of 0 for no discernible plaque or a score of 1 for discernible dental plaque deposits. Similarly, each tooth quadrisection associated with no gingival inflammation was given a score of 0, and each quadrisection with gingival inflammation was given a score of 1. Plaque was sampled from the buccal and lingual gingival margin of either the lower left or lower right first permanent molar tooth using a sterile wooden toothpick (47, 55) . When both lower permanent first molars had erupted, one tooth (either the right or left tooth) was randomly selected. The toothpick was immediately placed in a sterile container with 1 ml of reduced transport fluid (45) and five glass beads. The plaque samples were dispersed in the reduced transport fluid by vortexing for 10 s, and DNA was immediately extracted using the Puregene DNA isolation kit for yeast and gram-positive bacteria (Gentra Systems, Minneapolis, MN). The DNA was then stored at Ϫ20°C. DGGE profiling. DNA from plaque sampled from 60 different patients were used as templates (group 1, 30 patients with discernible plaque and no gingivitis; group 2, 30 patients with discernible plaque and gingivitis). The V2-V3 region of the 16S rRNA gene corresponding to positions 339 to 539 of Escherichia coli was partially amplified using PCR primer (Genosys, Cambridgeshire, United Kingdom) F357GC (5Ј-CGCCCGCCGCGCCCCGCGCCCGGCCCGCCGCCCCC GCCCCCCTACGGGAGGCAGCAG-3Ј), which contains a GC-rich clamp, and PCR primer R518 (5Ј-ATTACCGCGGCTGCTGG-3Ј). The final volume of each PCR mixture was 100 l. The amplification reaction mixture contained 10ϫ PCR buffer, 2.5 mM MgCl 2 , 0.2 M of both primers F357GC and R518 and 5 U of Taq polymerase (Bioloine, London, United Kingdom). All deoxynucleoside triphosphates (Promega, Southampton, United Kingdom) were used at a final concentration of 0.2 mM. The cycling parameters for touchdown PCR were carried out on a Primus thermal cycler (MWG Biotech, Milton Keynes, United Kingdom) and were as follows. After preincubation at 94°C for 5 min, 30 cycles were performed at 94°C for 1 min, the annealing temperature (T A ) for 1 min, and 72°C for 1 min. The T A decreased stepwise by 1°C every two cycles from 65°C in the first cycle to 56°C in the 20th cycle. The T A for the last 10 cycles was 55°C. Cycling was followed by 5-min incubation at 72°C (60) .
The 16S rRNA gene amplicons were cleaned and concentrated into a final volume of 30 l by using a QIAquick PCR purification kit (QIAGEN Ltd., Crawley, United Kingdom). In addition, two positive controls consisting of genomic DNA extracted from Tannerella forsythensis ATCC 43037 (formerly Bacteroides forsythus) and Prevotella intermedia (wild type) as well as a negative control consisting of sterile deionized water. The two positive controls were used to align multiple gel images (Fig. 1) .
Parallel gels containing 10% (wt/vol) polyacrylamide (37.5:1 acrylamide:bisacrylamide) were cast using a D-code system (Bio-Rad Laboratories, Inc., Hercules, CA). The gels contained a linear gradient of the denaturants urea and formamide, increasing from 40% at the top of the gel to 80% at the bottom (with 100% denaturants corresponding to 7 M urea and 40% [vol/vol] deionized formamide). Gels were run at 35 V for 21 h (735 V hours) at a constant temperature of 60°C in 7 liters of 1ϫ Tris-acetate-EDTA (TAE) buffer. Gels were stained for 1 h in 1ϫ TAE containing SYBR green nucleic acid gel stain Statistical analysis of DGGE banding patterns. All gels were aligned using the two positive controls. The DNA bands that migrated to the same position within each gel were ascribed a number. Band strengths were estimated visually; weak bands were assigned a value of 1, intermediate bands a value of 2, and strong bands a value of 3 (Fig. 1) . Thus, if the odds ratio were unity, the odds of a subject having gingivitis did not differ from the odds of a subject having no gingivitis, as the strength of the band increased to unity. If the odds ratio for a band were greater than 1, the odds of having gingivitis were greater than the odds of not having gingivitis as the intensity of the band increased. In the same way, if the estimated odds ratio for a band was less than 1, then the odds of not having gingivitis was greater than that of having gingivitis as the band intensity increased. These data were then analyzed using the following three methods.
(i) Shannon-Wiener diversity index. The Shannon-Wiener index of diversity (HЈ) (7, 12, 22) was used to determine the diversity of taxa present in plaque sampled from children with and without gingivitis. This index was calculated by the following equation:
where s is the number of species in the sample and P i is the proportion of species i in the sample. Gaussian distribution tests were applied to the Shannon-Wiener diversity index values for the 30 subjects in both plaque groups. Generally, the data were nonuniformly distributed; therefore, a nonparametric analysis using a Mann-Whitney U test was performed where a P of Ͻ0.05 was interpreted to be statistically significant. The nonparametric statistical analysis was performed using SPSS version 12 (Chicago, Ill.).
(ii) Cluster analysis. Similarities between the banding patterns generated by PCR-DGGE of the plaque samples were analyzed using the Pearson correlation coefficient (41) . Similarities were displayed graphically as a dendrogram. The clustering algorithms used to calculate the dendrograms was an unweighted pair group method with arithmetic averages (UPGMA) (16, 39) . The cluster analysis and dendrogram generation were carried out by using the Phoretix 1D Advanced and Phoretix 1D Database software (Phoretix International, Newcastle upon Tyne, United Kingdom).
(iii) Logistic regression. The data were first analyzed using univariable chisquare tests with a cutoff for significance of 5% to reduce the number of bands included in the multivariate analysis. The bands demonstrating significance were then included as explanatory variables (each band was recorded as present [coded as 1] or absent [coded as 0]) in a multivariate logistic regression analysis, for which the codes, no gingivitis (coded as 0) and gingivitis (coded as1) were used for the dependent variable. The estimated odds ratio with a 95% confidence interval was calculated for each band in the logistic regression model. The predicted probabilities for a subject belonging to a particular group (in this case, gingivitis and no gingivitis) were also calculated. Furthermore, a Hosmer and Lemeshow test for goodness of fit of the logistic model was performed. The logistic regression analysis was conducted using SPSS version 12.
RESULTS
Shannon-Wiener diversity index. The Shannon-Wiener indices for subjects with and without gingivitis were compared using the Mann-Whitney U test. The results revealed that there was a significantly greater biological diversity in the sample group with no gingivitis (for the no-gingivitis group, the median value was 3.4 and the values ranged from 2.5 to 4.3; for the gingivitis group, the median value was 3.2 and the values ranged from 1.6 to 4.1; P ϭ 0.009).
Cluster analysis. The cluster analysis generated an UPGMA dendrogram (Fig. 2) which demonstrates that seven clades associated only with the gingivitis group and five clades associated with the no-gingivitis group.
Hosmer and Lemeshow test. The Hosmer and Lemeshow test for goodness of fit showed that the model was a good fit (chi-square ϭ 2.903, degrees of freedom ϭ 8, P ϭ 0.940). The expected probability of a subject having gingivitis or not having (Table 1 ) and a classification plot (Fig. 3 ). The classification table shows that the model works well and approximately 84% of the individuals were correctly classified as having the appropriate disease status. The classification plot further demonstrates that the model works well, in that most subjects with no gingivitis (coded as 0) are predicted as not having gingivitis (i.e., on the left-hand side of the horizontal axis). Likewise, most of the subjects with gingivitis (coded as 1) are predicted as having gingivitis (i.e., on the right-hand side of the horizontal axis). Logistic regression analysis also determined that three bands were significantly associated with the presence or absence of gingivitis in these subjects. From this regression analysis, the estimated odds ratio of any band could be interpreted as the ratio of the odds of having gingivitis in those subjects with the band to the odds of having gingivitis in those subjects without the band. Table 2 presents the results of the analysis and demonstrates that band 2 was significantly associated with no gingivitis (P ϭ 0.001), while bands 1 and 3 were significantly associated with gingivitis (P ϭ 0.042 and P ϭ 0.005, respectively). The positions of these three bands on a DGG are shown in Fig. 4 .
DISCUSSION
One of the major challenges in microbial ecology is the assessment of the bacterial diversity or community structure present in a defined environment. It is important to understand the changes in diversity and structure during the inception and progression of polymicrobial diseases. Recent advances in molecular biology techniques have allowed us to better characterize and understand these changes. While the molecular biology techniques are now becoming available, the associated data analysis techniques have lagged behind somewhat. A case in point is the present study, which investigates plaque sampled from the gingival crevice of children both with and without gingivitis in order to detect any differences between the two groups. Such a study could potentially be used to understand the differences between a healthy dental microbiota and its progression to periodontal disease. We chose to use a cultureindependent technique (DGGE) to characterize the population differences between the two cohorts. This approach would take into account the uncultivable portion of the oral microbiota in the analysis. The advantages of using DGGE as a means of studying microbial ecology are well established in that it provides a more accurate means of visualizing whole microbial communities (since there should be a reduced bias in the detection of unculturable species). Additionally, it is less labor-intensive than the more-conventional culture-independent techniques of PCR cloning and sequencing.
Once the data were generated for all the subjects in both cohorts, we used a number of different analysis techniques to interrogate these data. In the first instance, this included a "by-eye" analysis as is common in the literature (27, 48) . It is relatively easy to comment on three or four patterns and select bands of interest on the basis of visual analysis. However, the banding patterns generated were quite complex, and comparing 60 patterns proved difficult. In the first instance, we ana- lyzed the data using a similar approach commonly used by other workers, e.g., diversity indices and cluster analysis.
There are a variety of ecological diversity measures, but their suitability for use with highly diverse microbial communities is unclear (18) . The Shannon-Wiener index of diversity (38) has been used previously in microbial ecology (12, 18, 30, 34) . There is some uncertainty surrounding this index, particularly as it is referred to by different names. The full title of the index is the Shannon-Wiener function, after Claude Shannon and Norbert Wiener (38) . It is more commonly known as the Shannon-Weaver index after Shannon's coauthor, Wallace Weaver. In the present study, the Shannon-Wiener index of diversity was applied to 16S rRNA genes from dental plaque communities that were separated on denaturing gels according to their sequence heterogeneity. Using both the total number of DGGE bands and their relative intensities, it was possible to calculate the bacterial diversity index (HЈ). This would in theory reflect on sample diversity without the need for cultivation. It is a fair assumption to expect that certain target rRNA genes within the plaque samples would be present in lower concentrations and thus would not be amplified sufficiently to be visualized as bands. Therefore, the bands generated in the present study would reflect the most abundant rRNA gene types from dental plaque or perhaps those strains most applicable to amplification (37) . Thus, the diversity indices calculated from the DGGE pattern were regarded as relative. Previous workers (13) have demonstrated that the diversity index HЈ can be applied to complex microbial communities and is well suited for comparing large sets of samples.
The results demonstrated that there was a greater biological diversity in the sample group with no gingivitis than the gingivitis group (P ϭ 0.009). This might indicate that a decrease in bacterial diversity may be associated with the shift from health to gingivitis. According to the ecological plaque hypothesis, a change in the environment leads to a shift in the community structure; however, this shift is only a change in the proportions of certain taxa within the community (25, 26) . Therefore, perhaps the perceived decrease in diversity is a result of certain taxa proliferating as a consequence of inflammation. As a further consequence, this may "mask" the presence of bacteria that do not necessarily increase in number as a consequence of inflammation. Nevertheless, when considering ecological diversity and community structure, it is believed that species diversity is an important feature in maintaining a degree of stability within that community. Thus, it is expected that stable and resilient microbial communities must contain a certain level of diversity (3) . As has been shown, the present results demonstrate a greater diversity in the DGGE profiles of dental plaque associated with no gingivitis. This may indicate that the dental plaque community associated with no gingivitis is probably more stable than the dental plaque community associated with gingivitis. While the overall precepts of ecology support this (3), workers using culture-dependent techniques to study experimental gingivitis have come to the opposite conclusion (29) . There are no studies that are experimentally comparable to this present study; therefore, a detailed comparison cannot be made. However, a factor that may go some way to reconciling these apparently conflicting results is that the DGGE technique takes into account the uncultivable microbiota present in the sample (in this case, the oral cavity where it is thought that around 50% of the species are uncultivable).
The use of diversity indices for DGGE analysis in this case uses very little of the data present and as stated provides only a measure of diversity. Therefore, it is entirely possible for two communities to be equally diverse (i.e., equal HЈ values) but have, in the most extreme case, a completely different species FIG. 4 . DGGE profiles of plaque from five patients demonstrating three bands that were significantly associated with dental health or gingivitis. Band 2 is associated with no gingivitis, and bands 1 and 3 are associated with gingivitis. (Fig. 5) . We believe that the DGGE data contain more information than simply this. Characteristic profiles of microbial communities or DNA fingerprints can be produced by DGGE. These microbial fingerprints can be represented as binary vectors, which have the potential to be of a very high dimension, depending on the environment sampled, such as soil (50) or dental plaque (36) . Earlier workers have used principal component analysis (34, 56) as well as multidimensional scaling (7, 21) to analyze groups of similarities in the data. In general, most researchers use hierarchical clustering algorithms based on similarity indices for binary vectors (6, 7, 13, 51) . Cluster analysis, also known as "classification," has been defined as the search for a natural grouping (24) . Cluster analysis, for example, the UPGMA applied in this study, can be used to identify samples that generate similar patterns (7, 20) . The UPGMA dendrogram calculated demonstrated similarities in the banding profiles of plaque sampled from subjects both with and without gingivitis. There were seven clades that clustered similar band profiles from plaque sampled from gingivitis sites. Likewise, the cluster analysis demonstrated five clades of similar band profiles from plaque sampled from sites without gingivitis. Indeed, 14/30 "healthy" samples and 20/40 "gingivitis" samples clustered together using this method. This implies that specific samples whether derived from healthy subjects or subjects with gingivitis are related to each other based on the DGGE banding pattern. It also shows that more than one profile is associated with either condition and therefore that perhaps there are a number of specific microbiotas associated with health or gingivitis. Indeed, perhaps only one of the gingivitis clades will eventually lead to periodontal disease. Earlier workers have postulated the association of certain taxa with the onset and progression of periodontal disease, for example, the red complex (Porphyromonas gingivalis, Tannerella forsythensis, and Treponema denticola) suggested by Ximenez-Fyvie et al. (57) . Perhaps these three key taxa are represented in only one of the gingivitis clades, and therefore, only one type of gingivitis (one bacterial community) actually leads to periodontitis. It would be interesting to follow these subjects, monitor their profile, and record which clades lead to the inception of periodontal disease. However, this analysis technique is limited by the fact that it does not take into consideration the outcome, either gingivitis or no gingivitis. It aims to look at clusters of bands to predict the outcome but does not utilize the outcome itself when comparing the data for similarities. Earlier workers (52, 59 ) applying similar techniques have demonstrated that individuals have their own unique fecal microbial community that remains relatively stable over time. We believe that this is also the case for the oral cavity (unpublished data). Analysis of the differences in microbial fingerprints for both gingivitis and no gingivitis by cluster analysis may be hampered by the fact that substantial differences may exist within the individual cohorts to start with.
The hierarchical cluster analysis is a good technique for longitudinal data, but with cross-sectional data, there seems to be too much variation within each group.
Both analyses have yielded valuable information, but we believe that further information can be obtained from the DGGE profiles. For example, two questions that we think can be answered by using DGGE profiles are "is there a recognizable fingerprint which can be used as a predictor to differentiate between disease states?" and "are there certain bands associated with health or indeed gingivitis?" A few workers have used principal component analysis and multidimensional scaling to analyze data such as these data. Furthermore, these methods may not always be appropriate, and indeed, they are very complex techniques both to understand and use. We therefore applied a different approach for data analysis, namely, logistic regression.
Unlike hierarchical cluster analysis, logistic regression analysis takes the outcome into consideration (i.e., in this case, gingivitis or no gingivitis) in addition to differences in band numbers and band migration position. This type of analysis does not take into account clusters of multiple bands in an attempt to examine DGGE profiles for similarities. Indeed, it analyzes the fingerprint with respect to the presence/absence of individual bands. Analysis of individual bands from the total fingerprint allows for the computation of a regression relationship between a clinical descriptor, such as health or gingivitis (outcome variable) and band presence/absence (explanatory variable). The results of this regression analysis (Fig. 3) have demonstrated that there were substantial differences in the DGGE profiles of both cohorts of subjects. The presence or absence of gingivitis was correctly classified in 84% of the subjects. This classification plot correctly predicts most subjects with no gingivitis (coded as 0) as not having gingivitis and most subjects with gingivitis (coded as 1) as having gingivitis on the basis of the presence/absence of bands. Moreover, the results from the regression analysis have further demonstrated that a single band (band 2) is statistically associated with the absence of gingivitis, while bands 1 and 3 were significantly associated with gingivitis.
In conclusion, we have used a number of different techniques to analyze DGGE banding profiles, each of which answer different and progressively more complex questions. The two analyses used first, i.e., the diversity index and the cluster analysis, both provide useful data but do not utilize all available information. The diversity index simply measures a change in diversity but does not specify what changes or even whether the community structure is similar. Cluster analysis, on the other hand, attempts to differentiate between cohorts that contain large differences within the cohort itself. Furthermore, cluster analysis does not specify which operational taxonomic units are important, only that differences exist. Logistic regression, however, not only successfully differentiates between the profiles of both cohorts but can also specify individual operational taxonomic units associated with these differences. Therefore, we believe that a logistic regression analysis in conjunction with a diversity measure is the method of choice to analyze and compare DGGE-generated community profiles in a cross-sectional study.
